A procedure for start-up of oxygen-limited autotrophic nitrification-denitrification (OLAND) in a lab-scale rotating biological contactor (RBC) is presented. In this one-step process, NH 4 + is directly converted to N 2 without the need for an organic carbon source. The approach is based on a sequential addition of two types of easily available biocatalyst to the reactor during start-up: aerobic nitrifying and anaerobic, granular methanogenic sludge. The first is added as a source of aerobic ammonia-oxidizing bacteria (AAOB), the second as a possible source of planctomycetes including anaerobic ammonia-oxidizing bacteria (AnAOB). The initial nitrifying biofilm serves as a matrix for anaerobic cell incorporation. By subsequently imposing oxygen limitation, one can create an optimal environment for autotrophic N removal. In this way, N removal of about 250 mg of N L -1 d -1 was achieved after 100 d treating a synthetic NH 4 + -rich wastewater. By gradually imposing higher loads on the reactor, the N elimination could be increased to about 1.8 g of N L -1 d -1 at 250 d. The resulting microbial community was compared with that of the inocula using general bacterial and AAOB-and planctomycete-specific PCR primers. Subsequently, the RBC reactor was shown to treat a sludge digestor effluent under suboptimal and strongly varying conditions. The RBC biocatalyst was also submitted to complete absence of oxygen in a fixed-film bioreactor (FFBR) and proved able to remove NH 4 + with NO 2 -as electron acceptor (maximal 434 mg of NH 4 + -N (g of VSS) -1 d -1 on day 136). DGGE and real-time PCR analysis demonstrated that the RBC biofilm was dominated by members of the genus Nitrosomonas and close relatives of Kuenenia stuttgartiensis, a known AnAOB. The latter was enriched during FFBR operation, but AAOB were still present and the ratio planctomycetes/ AAOB rRNA gene copies was about 4.3 after 136 d of reactor operation. Whether this relates to an active role of AAOB in the anoxic N removal process remains to be solved.
Introduction
At present, the most commonly used approach for nitrogen (N) removal in wastewater treatment plants comprises a combination of aerobic autotrophic nitrification of ammonium (NH4 + ) to nitrite (NO2 -) and nitrate (NO3 -) and anoxic heterotrophic denitrification of the oxidized N species to dinitrogen gas (N2). The first step is accomplished by two phylogenetically different groups of bacteria: the aerobic ammonia-oxidizing bacteria (AAOB) and the nitrite-oxidizing bacteria (NOB). The second step is carried out by a great variety of microorganisms and requires the concomitant availability of sufficient electron donors in the wastewater.
In some bioreactors treating highly nitrogenous wastewaters however, N deficits have been measured that could not be explained by this nitrification/denitrification paradigm (1-3). Out of such reactors anaerobic ammonia-oxidizing bacteria (AnAOB) have been enriched (4) . Two species retrieved from independent anoxic enrichments, candidatus Brocadia anammoxidans (5) and Kuenenia stuttgartiensis (6) , belong to a new, deep-branching group of Planctomycetales within the domain of the Bacteria. These enrichments are capable of autotrophic anaerobic NH4 + oxidation (anammox) to N2 with NO2 -as the electron acceptor in the absence of molecular oxygen (O2). In many of the aerated full-scale systems, the N removal was likely due to a close cooperation between AAOB and AnAOB, the first producing one of the substrates (NO2 -) for the second (7, 8) . This concept of onestep autotrophic N removal from NH4 + has been consecutively termed Oxygen-Limited Autotrophic NitrificationDenitrification (OLAND) (9) (10) (11) , aerobic/anoxic de-ammonification (12) , and Completely Autotrophic Nitrogen removal Over Nitrite (CANON; 13). These processes have a similar N removal stoichiometry and microbial composition. In the OLAND process, a supplementary, anoxic role of the AAOB in the biofilm is investigated. The two sequential reactions can also be obtained in two reactors in series: in an aerated first reactor a partial conversion of NH4 + to NO2 -is performed, while in an anoxic second reactor NH4
+

/NO2
-is converted to N2. Several methods to halt aerobic nitrification at the point of NO2
-and provide the influent stream to the second anoxic reactor have been described (14) (15) (16) . Although both one-and two-reactor approaches reduce the costs for aeration and electron donor as compared to conventional nitrification-denitrification (17, 18) , OLAND focuses on single-stage N removal in a biofilm reactor. The overall N removal stoichiometry for the described processes can be summarized by eqs 1-3:
Although autotrophic nitrification is a well-established process and the physiology of anammox has been intensively studied during the last couple of years, a reliable procedure for reactor start-up of single-stage autotrophic N removal processes has not yet been provided. The low specific growth rate (doubling time of around 10 d; 4), and the so far unelucidated specific ecological requirements for AnAOB contribute to this challenge. Here we demonstrate a stepwise procedure for initiation of OLAND, considering three main issues to obtain single-stage autotrophic N removal. First, the two types of biocatalyst need to be present. For the AAOB, a nitrifying enrichment culture (Ammonium Binding Inoculum Liquid, ABIL, Avecom, Beernem, Belgium) was chosen (19) , grown at optimal temperature and pH conditions on a synthetic NH 4 + -rich wastewater and mainly cultivated
anammox:
for use in aquaculture to prevent accumulation of NH4 + . For the AnAOB, granular anaerobic biomass was used because anaerobic planctomycetes have been found in such environment (20) . A second condition is that the two biocatalysts need to be in an environment where they can physically coexist. Due to the low and different specific growth rates, an attached growth reactor was considered. Finally, both groups of bacteria need to be in the right redox environment. Oxygen is a necessity for the AAOB to produce NO2 -; however, it is (reversibly) inhibitory to the AnAOB (4). The amount of O2, however, has to be limiting to provide the AAOB with a competitive advantage over the NOB and to ensure continuous NO2 -production in the system (15, 21) . Biofilm reactors, which display gradients of many diffusible species, may again provide this condition if the bulk oxygen concentration is carefully controlled. Ensuring a combination of these three factors should rapidly yield the desired configuration for autotrophic N removal.
The goals of this research were (i) to establish a robust start-up method to rapidly yield stable, autotrophic N removal from NH4 + in an aerated lab-scale biofilm reactor and demonstrate its ability to treat a real process wastewater; (ii) to test the biocatalyst of this reactor for NH4 + /NO2 -removal in an anoxic reactor; and (iii) to characterize the microbial communities that established in the aerobic and the anoxic reactor and compare them with the inocula, specifically in terms of dominant AAOB and planctomycetes.
Materials and Methods
Lab-Scale RBC Reactor. The reactor used was a slightly modified version of an earlier model (10, 11) . Characteristics are as follows: basin length ) 88 cm, width ) 34 cm, height ) 30 cm, waterlevel at 19 cm, total water volume 50 L. Two groups of 20 poly(vinyl chloride) disks are mounted (diameter of one disk ) 30 cm, thickness ) 0.5 cm, 1 cm interspace) on a horizontal shaft which rotates at 2.5 rpm (low value chosen for O2 limitation), yielding 58% submergence of the disk surface area. The total surface area of the wetted disks and reactor walls was 6.3 m 2 . To increase the specific surface area for biofilm growth, a 5 mm layer of reticulated polyurethane (specific surface area ( 1000 m 2 m -3 , Type Filtren TM20, Recticel, Wetteren, Belgium) was attached to one side of every disk. This increased the initial available surface area to about 20 m 2 .
Anoxic Fixed-Film Bioreactor (FFBR). The reactor used in these experiments was a closed cylindrical type (diameter: 13 cm, height: 61 cm, total volume 8.1 L) FFBR, using a plastic carrier material (total surface area ∼ 0.5 m 2 ) for biofilm growth (Figure 1 ). The liquid volume in the FFBR was 5 L and, including the carrier material, filled 66% of the total reactor volume. Temperature was 30 ( 2°C, no aeration was provided, influent flow was 1.33 L d -1 , and feed composition (NH4 + /NO2 -in a molar ratio of 1) was changed according to the reactor performance. The produced gas was collected in a 10-L gasbag connected to the headspace, emptied regularly, and flushed with Ar before re-installing on the reactor. The plastic carrier material was inoculated by submerging in the liquid volume of the RBC for 1 month to obtain biomass attachment and resubmerged completely in the FFBR liquid afterward. At the end of the experiment (day 136), the biofilm was gently removed from the carrier with a fine brush while washing with distilled water until no biomass was visibly present. Subsequently, the amount of TSS/VSS in the reactor was determined, and specific aerobic and anoxic batch activity measurements were performed as described previously (22) . Additional samples were taken for microbial characterization. Batch activity measurements and microbial characterization were also performed on RBC biomass from the end of the experiment (day 258) in order to compare biomass kinetics from the two reactors. ) ABIL culture for growth of a nitrifying biofilm. The reactor feed during this period was buffered with NaHCO3 to maintain the pH between 7.8 and 8.0, and the reactor was installed in a temperature-controlled room at 30 ( 1°C. During the whole experimental period, the N loading rate was changed through variations in influent NH4 + concentration ( Figure 2A ) and flow rate ( Figure 2B ). Once a (thin) well-nitrifying biofilm had developed (based on visual perception of nearly continuous disk coverage and more than 98% conversion of NH4 + to NO3 -at a reactor load of 300 mg
), approximately 10 L (≈500 g of VSS or 625 g of COD-VSS) of granular anaerobic biomass from a full-scale upflow anaerobic sludge blanket reactor treating a potato processing wastewater (Primeur, Waregem, Belgium) was added to the reactor on day 47 (action 2). Subsequently, anaerobic cells and cell clusters were entrapped and overgrown in the nitrifying biofilm (visual perception). The third and final action was the controlled increase of the reactor load, thereby changing the bulk DO concentration and consequently the O2 profile in the biofilm (not directly measured in this study). The presence of AAOB in ABIL and planctomycetes in the granular anaerobic sludge was confirmed by the real-time PCR count of both groups of bacteria: 263 ( 115 × 10 3 AAOB rRNA gene copies (ng of total DNA) -1 in ABIL and 25 ( 8 × 10 3 planctomycete rRNA gene copies (ng of total DNA) -1 in the anaerobic sludge (Table  1) .
Synthetic Wastewater. A synthetic wastewater, prepared with tap water and containing (NH4)2SO4 (N source) and NaHCO3 (C source and buffer), was fed to the RBC for 258 d. The influent NaHCO3 concentration varied depending on the needed buffer capacity, while the influent NH4 + concentration and flow rate were adjusted during the experiment to obtain the desired N load and hydraulic retention time (HRT). In addition, the wastewater contained 0.07 g of phosphorus (P) L -1 and 2 mL L -1 of a trace element solution (9), yielding a pH of 7.8. The feed for the anoxic FFBR consisted of a NH4
-mixture (as NH4Cl and NaNO2, respectively), 1 g L -1 NaHCO3, 30 mg L -1 KH2PO4, and 2 mL L -1 of the trace element solution. The pH was adjusted to 7.0 with 0.5 M HCl before addition to the reactor. Feed solutions were delivered to both reactors with peristaltic pumps.
Treatment of a Sludge Digestor Effluent. After the period on the synthetic wastewater, the lab-scale RBC reactor was used to treat a full-scale sludge digestor effluent (Schijnpoort, Aquafin Deurne, Belgium). The latter is dewatered in two centrifuges, and part of the centrifugate was collected in a 1-m 3 tank for post-sedimentation (to remove some of the suspended solids and avoid clogging of tubing) before it was pumped to the lab-scale RBC. The RBC was placed in an outside container, without temperature or pH control. During transportation from the anaerobic digestors to the RBC reactor, the temperature, DO, and pH of the wastewater changed to an average value of respectively 22.4 ( 1.9°C, 5.62 ( 0.78 mg of O2 L -1 , and 7.78 ( 0.26 at the entry of the RBC. The flow rate was set at 51.6 L d -1 (HRT ) 0.97 d), and the main characteristics of the wastewater were as follows:
Chemical Analyses. The concentrations of NH4 + -N (determined as total ammonia nitrogen, NH4 + -N + NH3-N) and total Kjeldahl-N were determined via standard procedures (23) . Influent and effluent nitrate and nitrite concentrations were determined using an ion chromatograph (Dionex, Sunnyvale, CA). The DO was measured with a digital, portable DO meter (Endress-Hauser, COM 381). COD and volatile and total suspended solids (VSS and TSS) were determined according to standard methods (24) .
DNA Extraction and Purification, Polymerase Chain Reaction (PCR), and Denaturing Gradient Gel Electrophoresis (DGGE).
Total DNA was extracted from biomass of the two inocula (ABIL and anaerobic sludge) and from the RBC and FFBR biofilm as described before (25) . A nested PCR technique entailed specific amplification of 16S rRNA genes of members of the -subdivision of AAOB and the planctomycetes (PLA) in the first round, followed by reamplification using a primer set for all Bacteria during the second PCR round (26) . The PCR primers and conditions and the DGGE protocols were as described before (22) .
Quantification with Real-Time PCR. Real-time PCR was based on the principle of Heid et al. (27) . For quantification of different bacterial groups, amplification was performed in 25-µL reaction mixtures by using buffers supplied with the qPCR Core Kit for Sybr Green I as described by the suppliers (Eurogentec, Liège, Belgium) in MicroAmp Optical 96-well reaction plates with optical caps (PE Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). Primers CTO189fAB/CTO189fC and CTO654r (AAOB), PLA40f and P518r (planctomycetes), and P338f/P338-IIf and P518r (Bacteria) were used for quantification at an optimal primer concentration of respectively 300, 100, and 150 nM. The latter were chosen after evaluation of the PCR results when using different primer concentrations. PCR temperature program for AAOB, planctomycetes, and bacteria was as follows: 50°C for 2 min, 95°C for 5 min, followed by 40 cycles of 95°C for 15 s, 57°C (AAOB) or 56°C (planctomycetes) or 53°C (bacteria) for 30 s, and 60°C for 1 min. Template DNA in triplicate reaction mixtures was amplified and monitored with an ABI Prism SDS 7000 instrument (PE Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). Standard curves were constructed after real-time PCR amplification of quadruplicate samples of five different DNA concentrations ranging from 4.5 × 10 4 to 4.5 × 10 6 copies of DNA per well for AAOB/bacteria and from 7.5 × 10 4 to 7.5 × 10 8 copies of DNA per well for planctomycetes were used. A 667-bp fragment of a Nitrosomonas sp. 16S rDNA sequence (Accession No. AF525953) was generated as a template for the standard curve for quantification of AAOB and Bacteria, while a 732-bp fragment of a planctomycete sp. 16S rDNA sequence (Accession No. AY167666) was generated for planctomycetes quantification. Excellent correlation coefficients (>0.99) were obtained for both standard curves and slopes of -3.81 and -3.40 were generated for AAOB/Bacteria and planctomycetes, respectively. The amount of rDNA copies of AAOB and planctomycetes was normalized to the total number of bacterial rDNA molecules to obtain AAOB and planctomycetes fractions.
Fluorescence In Situ Hybridization (FISH) and Confocal Scanning Laser Microscopy (CSLM). Specific emphasis was on the detection of AAOB (using probe NSO190, which targets ammonia-oxidizing -proteobacteria) and the planctomycetes (using probe PLA886, targeting planctomycetes but not covering the known anammox branch, and PLA46, which targets most planctomycetes including the anammox branch). Details on probes, hybridization conditions, and microscopic techniques were described before (22) .
Results
Start-up Strategy for the RBC Reactor. The RBC reactor performance is described for a 258-d period from start-up (Figure 2A,B) . During the first 47 days (HRT ) 2 d) after nitrifying biomass inoculation, the load was gradually increased from 55 to 300 mg of N L -1 d -1 . The incoming NH4 + was oxidized completely to NO3 -(no NO2 -detected), and no N loss was measured. The bulk dissolved oxygen (DO) during this period was 3.0 ( 0.5 mg L -1 , and the pH was 7.72 ( 0.24.
On day 47, the granular anaerobic biomass was added, and for about 14 d the load was controlled at 300 mg of N L -1 d . Throughout operation, pH was controlled between 7.8 and 8.0 via the influent NaHCO3, which avoided NH3 stripping (further minimized by the slow disks rotation and concomitant low turbulence). To counter the rising NO3 -production (day 127), we attempted to impose higher O2 limitation. Hence, the water level in the reactor was lifted by 2.5 cm (day 133 , respectively, using eqs 1-3. The bulk dissolved oxygen concentration decreased gradually with increasing load to 0.31 ( 0.18 mg of O2 L -1 at the end. The NO3 -production rate at the end of this period was 240 mg of NO3
Treatment of the Sludge Digestor Effluent.
After the 258-d period of synthetic wastewater treatment under lab-scale controlled conditions, the reactor was moved to treat a sludge digestor effluent on-site. Due to the fact that no temperature, pH, and DO control were applied, reactor conditions varied significantly when the load changed. The mixed liquor temperature during the 58-d experimental period was 14.0 ( 3.1°C due to low ambient temperature, especially during the night (October-November). Under steady-state conditions, the reactor load was 909 ( 48 mg of NH4 , resulting in 47% N removal at the given load. The steady-state system was disturbed several times by accidental interruptions in feeding for one or more days (indicated with arrows in Figure 3 ) and once by an electrical failure, which caused a stop in disk rotation for 1 d (day 17). When no feed was supplied, the DO gradually increased to more than 5 mg of O2 L -1 (due to a lack of oxygen consumption), and concomitantly the pH decreased to values below 6.5. The latter was probably due to an imbalanced nitrification and anammox of the remaining NH4
) in the reactor at the moment the feed was stopped. No NO2 -peaks were observed during the feed stops, these were however observed after restarting the feed (>500 mg of NO2 --N L -1 at day 14). Despite these peaks of the toxic nitrite, autotrophic N removal was reinstalled soon (within 1 or 2 d) after the DO and pH were back to steady-state level. The reactor also recovered from the disk rotation stop on day 17 without loss of activity. The effluent COD was on average 481 mg L -1 , indicating that 91 mg L -1 COD was consumed via either aerobic processes or via heterotrophic denitrification.
Use of RBC Biocatalyst to Anoxically Treat a Synthetic NH4 + /NO2 -Wastewater. The anoxic FFBR, in which the O2 input via the feed solution and through reactor parts was estimated to be 0.1 mg L -1 d -1 based on a batch reactor run without biomass, also demonstrated immediate N removal on the NH4 + /NO2 -mixture (Figure 4) . Feeding of the reactor was started with a mixture of 100 mg of N L -1 of both NH4 ). The N load to the reactor was gradually increased, ensuring that the effluent NO2 --N concentration did not reach toxic levels. Literature information on nitrite toxicity toward AnAOB shows that these bacteria are partially inhibited and totally inactivated at 50 and 100 mg of NO2 (day 80) with an average removal of 85%. From day 80 on, the load could be doubled over 50 d without significant effluent NO2 -peaks, which always remained below 10 mg of N L -1 . The specific anammox rate in the FFBR was 434 mg of NH4 + -N (g of VSS)
-1 d -1 (total specific removal rate 828 mg of N (g of VSS) -1 d -1 ) and was 3-fold higher than that of the RBC biomass, measured in batch assays (Table 1) . The specific aerobic ammonium oxidation potential of the FFBR biomass decreased by a factor of 4.6 as compared to the RBC biomass (Table 1 ) and could only be measured after an aerobic incubation lag phase of 24 h (results not shown).
Quantification of Bacterial Groups via Quantitative PCR in Inocula and Reactors. The AAOB rRNA gene copies per nanogram of total community DNA dropped from 263 ( 115 × 10 3 in ABIL to 146 ( 80 × 10 3 in the RBC and further to 35 ( 10 × 10 3 in the FFBR, both measured in biomass samples at the end of the reactor runs (Table 1 ). The planctomycetes rRNA gene copies number increased from the inoculum (anaerobic sludge) to the RBC and the FFBR, but, because the planctomycetes comprise both anaerobic/aerobic and organotrophic/lithotrophic bacteria, interpretation of these values is difficult. Relative to the total bacterial rRNA gene copy number, planctomycete rRNA gene copies make up 19.2% in the RBC and 36.7% in the FFBR. The ratio of AAOB to planctomycetes 16S rRNA gene copies dropped from 1.10 in the RBC to 0.23 in the FFBR (Table 1) .
Microbial Shifts in the Dominant Populations of Inocula, RBC, and Anoxic Reactor. Both inocula produced a diverse (eu)bacterial DGGE band pattern, both showing some 15 separate bands ( Figure 5 ). This was also the case for the RBC patterns, but for the FFBR fewer bands were observed. Using the CTO primer set specific for AAOB, one dominant DGGE band (no. 3 in Figure 5 ) was observed in ABIL, corresponding with the dominant bacterial band. No PCR product was obtained for the anaerobic inoculum with these CTO primers. In the RBC biofilm, a new AAOB clone was dominant (RBC and RBC′ in Figure 5 ), which was sequenced (clone AOB4, AF525953) and closely related (more than 98%) to a number of Nitrosomonas sp. Surprisingly, clone AOB4 was also detected in the FFBR biomass ( Figure 5 , no. 1), and the AAOB DGGE pattern of this reactor showed high resemblance with that of the RBC reactor. The PLA community in both inocula was diverse, but neither of the inocula was dominated by the same fragment dominating the RBC reactors ( Figure 5 ). The latter (clone PLA16, AY167666) had 98% sequence similarity with the known AnAOB Kuenenia stuttgartiensis and also dominated the PLA community in the anoxic FFBR. In general, the DGGE pattern of the RBC biomass described in this paper also shows high similarity with the biomass from a previous RBC setup described (11) , shown as RBC′ in Figure  5 .
FISH and Microscopy. In the RBC samples, AAOB (NSO190 signal) as well as planctomycetes (PLA46 and PLA886 signals) were abundantly present ( Figure 6A ). For the planctomycetes, PLA46 and PLA886 targeted different organisms in the biofilm. Also in the anoxic FFBR reactor AAOB signals were present, albeit in a relatively lower amount than the planctomycetes (hybridizing with probe PLA46) ( Figure  6B ). PLA886 signals were consistently absent in the FFBR biofilm (not shown).
Discussion
For the OLAND start-up experiment, an RBC was preferred over other types of reactors because it combines the advantages of a biofilm reactor (good biomass retention, high stability toward shock loads, fixed positioning of bacteria and cell-to-cell contact, etc.) with ease of operation (simple control strategies, no reactor clogging, low maintenance, etc.). The start-up procedure comprised two main elements: providing the two types of biocatalytic inocula and biofilm formation under controlled N loading rate. As nitrifying inoculum we used ABIL, in which the AAOB constituted on average 35.8% of the total DNA, but any biomass (either suspended or as a biofilm) originating from a nitrifying reactor treating an NH4 + -rich wastewater poor in organic carbon can be a suitable inoculum for AAOB. The latter were added first because their growth rate is typically faster (0.04-0.08 h -1 ; 28) than those of AnAOB (0.003 h -1 ; 29), and they are required to produce one of the substrates for the AnAOB (NO2 -). Due to the thin biofilm and relatively high bulk DO values (around 3 mg of O2 L -1 ) during the first period (47 d), both AAOB and NOB were active and NO3
-was produced (period 1 in Figure 2 ). These conditions were chosen to maximize the initial growth of a nitrifying biofilm. The reactor pH was stabilized at 7.8-8.0 with NaHCO3 in the influent to compensate for the acid production during nitrification. In general, a pH of 8 or slightly higher is ideal for autotrophic N removal. During the first period, no N losses were measured in the liquid stream. The anaerobic inoculum was added after a stable, sufficiently thick nitrifying biofilm had developed (day 47). An alternative inoculum could be biomass obtained from an oxygen-limited or anoxic reactor where NH4
+ and traces of NO2 -have been simultaneously present for a long period of time. At the point of anaerobic biomass addition, it was crucial to ensure the presence of both NH4 + and NO2 -and to create partially anoxic conditions in the biofilm. To that effect, the NH4 + load was increased to promote rapid O2 consumption in the outer biofilm layer. At the same time, the effluent NO3 -concentration significantly dropped, and a peak of NO2 -was observed (onset of period 5, Figure 2A ). This is most likely the result of an imbalance between AAOB and NOB activity, the latter apparently being limited at the higher NH4 + load. This limitation could be due to the higher O2 affinity of AAOB as compared to NOB (30) and thus lower O2 availability for NO3 -formation and/or the increasing competition between NOB and AnAOB for NO2 -due to changes in the oxygen profile of the thickening biofilm at higher N loads. From that moment on, removal of NH4 + / NO2 -started, and N losses from the liquid stream up to 1795 mg of N L -1 d -1 were measured at the end of the experimental period. Considering the low initial planctomycete content of the anaerobic inoculum (25 ( 8 × 10 3 copies of rRNA (ng of total DNA) -1 ), some initial N loss was probably caused by conventional denitrification of NO2 -with biomass decay products. However, the increasing N loss at higher reactor N loads and the high total amount of N eliminated during the 258-d period (1804 g of N or an average of 140 mg of N L -1 d -1 ) strongly suggest that the largest part of the N is removed autotrophically. Denitrification of NO2 -with biomass (CH2O0.5N0.15 ) 24.1 g mol -1 )-COD would have required a minimum of 2020 g of biomass, which was not available. Additional batch tests (Table 1) confirmed an anammox activity of the RBC biomass of 4.9 ( 0.7 mg of N (g of VSS) -1 h -1 , which is only about 17% of the maximum specific anoxic ammonium oxidation activity of known Anammox bacteria (31) but of same order as measured for other autotrophic N removing biofilms (7, 32) . In the studied RBC biofilm, the planctomycete rRNA gene copies only made up 19.2% of the total DNA based on real-time PCR quantification while the Anammox culture by Strous et al. (31) was nearly 80% enriched in AnAOB based on FISH analysis, possibly explaining the differences in measured specific anammox activity in the two systems. FISH analysis further suggested that AnAOB may only have constituted a fraction of the planctomycetes because PLA886 signals (specific for most planctomycetes, except the AnAOB cluster; 33) were also abundant ( Figure 6A ), which would further reduce the estimated fraction of AnAOB in the total community. Nitrate was formed during the whole experimental period, in the beginning due to NOB activity, however at the end almost completely by AnAOB, as the amount of NO3
-formed per amount of NH4 + oxidized was 0.12, almost equal to the predicted amount (eqs 1-3).
The dominant AAOB found in the RBC biofilm (accession number AF525953) showed 98% sequence similarity with that present in a full-scale autotrophic N removing RBC reactor treating an NH4 + -rich leachate (7) . To provide further evidence that the abundant planctomycetes in the RBC biofilm were responsible for the anammox reaction, an anoxic fixed film bioreactor on NH4 + /NO2 -was started with carrier material that was submerged in the RBC reactor for 1 month prior to its use in the reactor. The DGGE pattern in Figure  5 clearly shows the same dominant planctomycete signal in the RBC as in the FFBR, suggesting its involvement in anammox. This planctomycete signal was also identical to the dominant PLA signal from another RBC reactor (Accession No. AY167666), and its sequence was closely related (98% partial 16S rRNA gene sequence similarity) to Kuenenia stuttgartiensis, one of two well-described AnAOB (6, 34) . With respect to the inocula, the RBC and the FFBR biomass composition shifted toward new dominant AAOB and planctomycete species. The anammox activity of the FFBR biomass in an anaerobic batch test was nearly three times higher than that of the RBC biomass (Table 1 ). FISH analysis suggested that planctomycetes (which would include AnAOB) were present in high densities ( Figure 6B ), and real-time PCR quantification confirmed their abundance (36.7% of the total rRNA gene copy number). PLA886 signals disappeared from the biofilm under strict anoxic conditions (in the FFBR), and the role of these bacteria in the N removal process in the RBC biofilm is therefore unclear. The FFBR was highly performant, easy in construction and operation, and had a very high biomass retention capacity (between 90 and 95%). The specific anammox capacity of the FFBR biomass (in reactor assay) was approximately 60% of the maximum reported anammox activity (688 mg of NH4 + -N (g of VSS)
) (29) . This type of reactor could thus be an alternative for the SBR reactor (29, 35, 36) or the trickling filter (6) frequently used for anammox. The activity measured in batch test with dislodged biomass was lower, potentially associated with physical damage to the biofilm and exposure of the AnAOB to oxygen during removal of the biofilm. The physical damage was caused by brushing off the biofilm, which created a loose-structured biomass and presumably altered both positioning and density of the active bacteria. The latter was also shown to have a marked influence on AnAOB activity in other studies (4) . The removal stoichiometry in batch test (Table 1) varied slightly between the RBC and the FFBR, which is most likely caused by some heterotrophic denitrification of oxidized N compounds with electron donors derived from decaying obligatory aerobic biomass or small differences in the anoxic NO2 -to NO3 -conversion by the AnAOB present in the biomass.
FISH analysis of the FFBR biomass indicated the continuous presence of AAOB under anoxic conditions ( Figure  6B ), and AAOB activity was further confirmed by an aerated batch test, although the NO2 -producing activity was only initiated after a lag phase of 24 h (Table 1) . Quantitative PCR revealed a larger fraction of PLA than AAOB in the FFBR biomass. It should however be noted that similar densities of AAOB rRNA gene copies were found in the FFBR (35 ( 10 × 10 3 copies (ng of total DNA) -1 ) and in the anaerobic sludge (AnS) (27 ( 7 × 10 3 copies (ng of total DNA) -1 ). Comparison of biomass RT-PCR numbers from different reactors is in any case subject to a certain degree of uncertainty (shown by the high standard deviation on the RT-PCR quantifications), which could be caused by the difficulty to obtain comparable DNA extraction from different biomass samples. No aerobic ammonia-oxidizing activity was however measured for the AnS during aeration for 5 d. The reasons for the continued presence of AAOB under anoxic condition, found by us and others (6), remain elusive. Potentially they engage in anoxic autotrophic metabolism (37) (38) (39) , perform other yet-to-be determined metabolic reactions, or survive on traces of oxygen that entered the system. The latter was estimated to be only 0.1 mg of O2 L -1 d -1
, allowing an extremely low, negligible oxidation rate of 0.038 mg of NH4 + L -1 d -1 to NO2 -, in case this amount is solely used by AAOB. For a 2-month period, the RBC reactor proved capable of significant N removal from a sludge digestor effluent under ambient temperature conditions (14 ( 3°C). Under continuous load, AAOB and AnAOB activities were both significantly lower than under lab-scale conditions (respectively 4.2 and 4.5 times lower). The steady-state DO (around 1 mg of O2 L -1 ) and pH (around 8), which were obtained without external control, were highly similar to values obtained in other biofilm reactors (3, 40) and shown to be around the optimal values for autotrophic N removal in biofilm reactors (32, 41) . In contrast to the anammox reactors, several process disturbances did not inhibit the autotrophic N removal because autotrophic N removal was reestablished without external actions. Even high DO concentrations of more than 5 mg L -1 during several days or low pH values (<6.5), causing temporary inhibition of the AnAOB (Figure 3) , did not affect the performance once the load conditions were re-instated. NOB activity appeared small in view of the low effluent NO3 -concentration. NO3 -removal by simultaneous denitrification was probably minor due to the continuous presence of NO2 -as an electron acceptor and a total COD removal rate of 94 mg of COD L -1 d -1 (aerobic breakdown + denitrification). The robustness and stability of the biofilm reactor for N removal was acceptable, yielding removal rates of around 500 mg of N L -1 d -1 , despite the fact that it generally took a few days to recover from process disturbances and that the removal rate did not increase with time. The continuously low effluent NO2 -concentration during stable reactor operation (Figure 3) indicates that the overall N elimination could be limited by the nitrification efficiency of the AAOB at low temperature and DO conditions rather than an inhibition of the AnAOB. The latter was also concluded for similar N elimination experiments in two separated reactors (35) . Further pilot-scale implementations will determine under what conditions the RBC approach for complete autotrophic N removal can be optimized.
